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@ Properties of a thin film of vacuum deposited 
material, such as titanium nitride, on a substrate are 
enhanced by plasma or thermal annealing of the thin 
film without removing the film from a vacuum envi- 
ronment. The annealing step may be performed in 
the same vacuum chamber as the sputter deposi- 
tion, or in a different vacuum chamber, provided the 
substrate can be transferred between chambers 
while remaining in a vacuum environment. 
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The present invention is directed to a method 
of enhancing the properties of a thin film on a 
substrate. 

After the deposition on a substrate of certain 
thin films composed of, for example, titanium 
nitride, it has been the practice to expose the 
deposited thin films to air and then to anneal the 
deposited thin film. The annealing has been done 
by heating the substrate with the deposited thin 
film in a furnace with an atmosphere of nitrogen or 
forming gas. 

The air exposure and/or annealing in a furnace 
has been performed to allow nitrogen and oxygen 
to react with the deposited thin film. One result of 
the air exposure and/or annealing is to improve the 
barrier properties between the deposited thin film 
and subsequently deposited layers. For example, 
when aluminum is deposited over a thin film of 
titanium nitride, air exposure and/or annealing of 
the film of titanium nitride has been shown to 
reduce the amount of aluminum which diffuses into 
the titanium nitride film. Further, the air exposure 
and/or annealing also reduces the amount of free 
titanium which diffuses into the subsequently de- 
posited layer of aluminum. Such reduction of diffu- 
sion results in improved device reliability. 

One drawback of the above-discussed prior art 
processes is the amount of time required to re- 
move substrates from a vacuum deposition cham- 
ber to expose the deposited thin film to air. Further, 
enhancing the barrier properties by air exposure is 
particularly tine consuming and a difficult process 
to control. 

The invention provides an improved method of 
enhancing the properties of a thin film on a sub- 
strate according to independent claim 1. Further 
advantageous features, aspects and details of the 
method are evident from the dependent claims, the 
description and drawings. The claims are intended 
to be understood as a first non-limiting approach of 
defining the invention in general terms. 

The invention provides a plasma annealing pro- 
cess to enhance barrier properties of deposited 
thin films. It is directed to a plasma or thermal 
annealing process used in the production of de- 
vices on substrates, which achieves improved bar- 
rier properties of thin film, such as titanium nitride. 

In accordance with a preferred embodiment of 
the present invention, a method is presented for 
enhancing properties of thin films deposited on a 
substrate. First a layer of the thin film is deposited 
on a substrate, as by sputtering. Then, without 
removing the substrate from a vacuum environ- 
ment, the deposited layer of the thin film is an- 
nealed. The annealing may be a plasma anneal or 
a thermal anneal. The deposition and annealing 
may be performed in the same chamber or may be 
performed in different chambers, provided the sub- 



strate can be transferred between chambers while 
remaining in a vacuum environment. 

Figure 1 is a simplified block diagram showing 
a sputtering apparatus used for a sputter deposition 

5 process in accordance with the preferred embodi- 
ment of the present invention. 

Figure 2 shows a block diagram of a chamber 
in which plasma or thermal annealing may be per- 
formed in accordance with the preferred embodi- 

70 ment of the present invention. 

Figure 3 shows a top view of a block diagram 
of semiconductor processing equipment which in- 
cludes a plurality of interconnected vacuum pro- 
cessing chambers. 

75 Figure 4 is a sputtered neutral mass spec- 

troscopy (hereinafter SNMS) graph showing the 
concentration of various atoms in the film after 
heating titanium nitride on silicon over which alu- 
minum has been deposited for 90 minutes at 

20 450* C under vacuum. 

Figure 5 is an SNMS graph showing the con- 
centration of various atoms after exposing titanium 
nitride on silicon to air, depositing an aluminum film 
thereover and then annealing for 90 minutes at 

25 450 -C. 

Figure 6 is an SNMS graph showing concentra- 
tion of various atoms after plasma annealing 
titanium nitride on silicon with oxygen. After alu- 
minum has been deposited, the sandwich was an- 

30 nealed for 90 minutes at 450 • C. 

Figure 7 is an SNMS graph showing the con- 
centration of various atoms after plasma annealing 
titanium nitride on silicon with nitrous oxide. After 
aluminum has been deposited, the sandwich was 

35 annealed for 90 minutes at 450 " C. 

Figure 8 is a graph of sheet resistance of the 
aluminum layer of the sandwich of Figure 7 versus 
annealing time. 

The process of the invention may be used on a 

40 variety of thin film materials. For example, the 
barrier properties of a deposited thin film of 
titanium nitride may be enhanced by plasma an- 
nealing the deposited thin film with nitrous oxide 
(N2O) or oxygen (O2). The barrier properties of a 

45 deposited thin film of titanium tungsten may be 
enhanced by plasma annealing the deposited thin 
film with nitrogen or ammonia. The barrier prop- 
erties of a deposited thin film of tantalum nitride 
may be enhanced by plasma annealing the depos- 

50 ited thin film with nitrous oxide or oxygen. The thin 
films can be deposited by a vacuum process, such 
as by sputtering or other known deposition pro- 
cess. 

In addition to enhancing barrier properties, the 
65 invention may be utilized to enhance other prop- 
erties of deposited thin films. For example, a thin 
film of aluminum may b plasma annealed in flu- 
orine or nitrogen trifluoride (NF3) in order to pre- 
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vent grain growth, hillock fornnation and to enhance 
electromlgration resistance. 

The present Invention has many advantages 
over the prior art processes. For example, the 
present process can be performed without remov- 
ing a substrate from the vacuum chamber in which 
the deposition is performed. Also, when a plasma 
anneal is performed, the deposited thin film ma- 
terial is bombarded with ions, neutrals and excited 
gas molecules. Such bombardment increases the 
rate of reaction between the gas molecules and the 
deposited thin film materia!. Further, the plasma 
anneal process is easily controllable since the 
bombardment energy of the gas molecules varies 
with the operating power and atmospheric pressure 
within the plasma annealing chamber. Finally, the 
present process may be performed without utilizing 
an undue amount of time. 

The invention will be further described with 
reference to the Drawing. The process is illustrated 
using a silicon semiconductor wafer, but other sub- 
strates can be substituted as will be known to one 
skilled in the art. The substrate is also Illustrated by 
sputter depositing the thin films, but other known 
vacuum processes can also be used. 

In Figure 1. a sputtering apparatus Is shown. A 
wafer 30 Is initially inserted into a sputtering cham- 
ber 40 comprising a top wall 42 and sidewalls 48. 
The wafer 30 is placed on a wafer support mem- 
ber, such as a cylindrical or ring shaped wafer 
support member 50. The wafer support member 50 
is provided with an enlarged upper flange 52 of a 
diameter suitable to provide a support for the wafer 
30. The wafer support member 50 may be moun- 
ted to the sidewalls 48 of the chamber 40 by pins 
or brackets 56. 

The chamber 40 is further provided with a 
sputtering gas Inlet port 44 connected to a source 
of a sputtering gas such as argon (not shown). The 
sputtering gas is flowed into the chamber 40 at a 
rate of from about 30 standard cubic centimeters 
per minute (seem) to about 300 seem. An outlet 
port 49 in the chamber 40 is connected to a 
vacuum pump via a duct 46 to maintain a pressure 
within the sputtering chamber 40 within a range of 
from about one to about eight miilitorr.* 

Mounted to the top wall 42 of the chamber 40 
is an aluminum target 60 which is insulated from 
the grounded sidewalls 48 of the chamber 40 by 
insulators 62. The target 60 is electrically con- 
nected to the negative terminal of a power supply 
66. The power supply 66 has an adjustable 
(resettable) power level. 

Surrounding the target 60 and mounted to the 
top wall 42 of the chamber 40 is a cylindrical shield 
member 70, The cylindrical shield member 70 is 

* millitorr = 1.3 x 10*bar 



provided with a lower flang or shoulder 72 and an 
upwardly extending Inner lip 74 which carries a 
clamping ring 80 to engage the edges of the top 
surface of the wafer 30 when the wafer 30 is raised 

5 to a sputtering position and to seal the wafer 30 to 
a circular wafer support platform 100. 

The wafer support platform 100 is used to lift 
the wafer 30 from the wafer support 50 and into 
position within the shield 70 and beneath the target 

70 60 to permit the sputter deposition of, for example, 
an aluminum layer on the wafer 30. The wafer 
support platform 100 also serves as a heating 
means, a heat stabilizing means, and a biasing 
means for the wafer 30. 

15 The platform 100 Is initially raised to a position 

where it lifts the wafer 30 from the cylindrical 
support 50 via lifting means 110 which may, for 
example, comprise a fluid power cylinder coupled 
to the platform 100 via a hollow shaft or rod 114. 

20 The platform 100 also contains heating means 

120 comprising an electrical resistance heater elec- 
trically connected through the hollow shaft 114 to a 
heater power supply 124. The heater means 120 
serves to initially heat the wafer 30 when the sput- 

25 ter deposition process is commenced. The platform 
100 may be further provided with cooling means, 
such as water cooling coils (not shown) to further 
stabilize the temperature of the platform 100. 

To stabilize the temperature of the wafer 30 

30 during a portion of the sputtering process, the 
platform 100 is further provided with a crown 104 
adjacent to the edge of the convex top surface 102 
of the platform 100. The crown 104 cooperates with 
the clamping ring 80 to seal the edges of the back 

35 surface of the wafer 30 to the top surface 102 of 
the platform 100, thereby defining therebetween a 
sealed chamber having a thickness of about one to 
about two um between the back surface of the 
wafer 30 and the top surface 102 of the platform 

40 100 into which a thermally conductive gas, such as 
argon, may be admitted through an opening 106 in 
the top surface 102 of the platform 100 during a 
portion of the process. 

The thermally conductive gas, which is sup- 

45 plied from a gas source 108 through the hollow 
shaft 114, serves to thermally couple the wafer 30 
to the platform 100. As excess heat builds up in 
the wafer 30 during the sputtering process, such 
heat is transmitted through the gas from the wafer 

50 30 to the platform 100, which has much greater 
mass than the wafer and therefore acts as a large 
heat sink to absorb the additional heat as it is 
generated. 

The wafer 30 may be electrically biased with 
56 respect to the grounded chamber 40 through the 
platform 100 and the clamping ring 80 from a 
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biasing power supply 130. The bias may be a DC 
or AC bias applied to the wafer 30. 

After a thin film has been deposited on a wafer, 
a plasma or thermal annealing of the deposited thin 
film is used to enhance the boundary properties at 
the top of the deposited thin film. For example, a 
titanium nitride (TIN) thin film on which an alu- 
minum (Al) film will be deposited may be plasma 
or thermally annealed in order to reduce interdif- 
fusion into the films. 

The plasma or thermal anneal may be per- 
formed in the chamber 40 or the plasma anneal 
may be performed in a separate chamber. Figure 2 
shows a block diagram of a chamber 140 config- 
ured to perform a plasma or thermal anneal. The 
wafer 30 is set upon a heater 134 within the cham- 
ber 140. The heater 134 is able to heat the wafer 
30 to a temperature between about 300 'C and 
500 'C in order to perform a thermal anneal. 

For a plasma anneal, a radio frequency (RF) 
power supply 12 supplies power. A matching net- 
work 81 matches impedances for efficient power 
transfer. A DC bias is provided on an input 82. 

During the plasma annealing steps, the pres- 
sure Inside the chamber 140 is about 5 millitorr. A 
DC wafer bias circuit provides a DC bias of 200 
volts on input 82. The RF wafer power supply 12 
provides a 60 megahertz signal at 550 watts. The 
plasma is generated for about one minute. How- 
ever, processing times and other parameters may 
be varied to obtain optimal enhancement of a par- 
ticular barrier film. 

The process of the invention is not limited to 
the enhancement of titanium nitride films; different 
plasma anneal gases and/or different deposited thin 
film materials may be utilized. For example, to 
enhance the barrier properties of titanium nitride 
(TIN) the plasma annealing process may be per- 
formed using a plasma generated from oxygen. 
Similarly, the barrier properties of a titanium tung- 
sten (TiW) film can be enhanced by performing a 
plasma annealing process using a plasma gen- 
erated from nitrogen (N2) or ammonia (NH3); or the 
barrier properties of a tantalum nitride (TaN) thin 
film may be enhanced by performing a plasma 
annealing process using a plasma generated from 
nitrous oxide or oxygen. 

In addition, a plasma or thermal anneal after 
deposition of a thin film may be done for reasons 
other than the improvement of barrier properties 
alone. For example, after depositing a thin film of 
aluminum, a second plasma annealing may be 
performed using fluorine (F2) or nitrogen trifluoride 
(NF3) in order to prevent grain grown in the alu- 
minum film. 

While the plasma or thermal annealing process 
or processes may be performed within the same 
process chamber in which the films are sputter 



deposited, it is also possible to perform the thermal 
or plasma annealing in a different chamber, pro- 
vided that the wafer on which the thin film is 
deposited remains under vacuum when being 

5 transported between chambers. 

For example. Figure 3 shows a top view of 
semiconductor processing equipment 1 in which 
sputter deposition of a thin film can be performed 
in one chamber before transportation to another 

70 chamber for a plasma and/or thermal anneal. Semi- 
conductor processing equipment 1 allows for trans- 
portation of wafers between chambers while the 
wafers remain under vacuum. 

Wafers enter the semiconductor processing 

15 equipment 1 through cassette load locks. For ex- 
ample, in a load lock chamber 8, a wafer cassette 
1 1 holds wafers. In another load lock chamber 9. a 
wafer cassette 1 5 holds other wafers. The load lock 
chamber 8 and the load lock chamber 9 may be 

20 separately and individually pumped down. 

Semiconductor processing equipment 1 in- 
cludes, for example, a de-gas/water orienter cham- 
ber 5. a pre-clean chamber 13, a physical vapor 
deposition (PVD) chamber 16, a PVD chamber 17, 

25 a PVD chamber 18. a PVD chamber 19, a cool 
down chamber 14, a plasma anneal chamber 20 
and a cool down chamber 6. A transfer chamber 21 
may be used to temporarily store wafers on robotic 
equipment 7 when wafers are being moved to or 

30 from various of the chambers. Similarly, a transfer 
chamber 22 may be used to temporarily store 
wafers on robotic equipment 23 when wafers are 
being moved to or from various of the chambers. 
All the chambers, except load lock chamber 8 and 

35 . load lock chamber 9, remain under vacuum during 
processing of the wafers. For example, a nitrous 
oxide anneal may be performed in chamber 13 for 
example. 

A titanium nitride film was deposited onto a 

40 silicon substrate and a thin aluminum film depos- 
ited thereover. The sandwich was thermally an- 
nealed by heating for 90 minutes at 450 "C. 

Figure 4 is an SNMS graph of the resultant thin 
films. As can be seen by referring to Figure 4. 

45 titanium and nitrogen have migrated into both the 
underlying silicon and the overlying aluminum lay- 
ers. The aluminum has also migrated into the 
titanium nitride film. 

A plasma or thermal anneal in accordance with 

50 the prior art process was performed by exposing a 
titanium nitride film on silicon to air for one-half 
hour. Aluminum was deposited thereover and then 
the sandwich was thermally annealed. 

Figure 5 is an SNMS graph of the resultant thin 

55 films. As can be seen in Figure 5, titanium and 
nitrogen have migrated both into the silicon sub- 
strate and into the overlying aluminum layer. More- 
over, there is an oxide layer at the interface be- 
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tween the titanium nitride and the aluminum film 
and the oxide also has migrated into the titanium 
nitride film in variable concentration. It will be un- 
derstood that the oxygen content and the depth of 
the oxide interfacial layer is very difficult to repro- 
duce and control using this process. 

In accordance with the process of the inven- 
tion, a deposited titanium nitride film on silicon was 
plasma annealed in oxygen, without removing the 
titanium nitride film from the titanium nitride depo- 
sition chamber, prior to depositing an aluminum 
film thereover. As can be seen by reference to 
Figure 6, the SNMS graph shows that no separate 
oxide layer is present at the interface of the 
titanium nitride and aluminum films. Although there 
is still some migration of titanium Into the aluminum 
film and into the silicon substrate, this anneal in 
oxygen results in a repeatable, controlled oxidation 
of the titanium nitride film. 

In another embodiment of the present process, 
a titanium nitride film was plasma annealed for one 
minute in nitrous oxide prior to depositing an alu- 
minum film thereover. As can be seen by reference 
to Figure 7, the SNMS graph shows that no sepa- 
rate oxide layer is present at the interface of the 
titanium nitride-aluminum films, and there is almost 
no migration of titanium into the aluminum film. 

Another measure of the diffusion of titanium 
into an aluminum conductive film is to measure the 
change in sheet resistance ratio with time of the 
titanium nitride/aluminum sandwich structure of Fig- 
ure 7 that has been annealed in nitrogen at 450 •C. 
The sheet resistance ratio will be at a minimum for 
the structure having the least amount of interdif- 
fusion. 

Figure 8 illustrates the variation of sheet resis- 
tance with time at varying sputter etch power. The 
amount of titanium diffusion in the aluminum film 
can be controlled by varying the applied power. In 
this example, the sheet resistance ratio of the 
sandwich of Figure 7 is minimized at a power of 
150 watts. 

The invention has been described above in 
terms of particular embodiments, but it will be 
apparent to those skilled in the art that various 
substitutions of material, gases and substrates may 
be made and they are meant to be included herein. 

Claims 

1. A method of enhancing the properties of a thin 
film on a substrate comprising: 

a) vacuum depositing a thin film of material 
on a substrate in a vacuum environment 
and 

b) without removing the substrate from a 
vacuum environment, annealing the vacuum 
deposited thin film. 
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2. A method according to claim 1 wherein the 
annealing is performed in a plasma. 

3. A method according to claim 1 or 2, wherein 
the annealing is performed at an elevated tem- 
perature. 

4. A method according to one of the preceding 
claims wherein said thin film is of titanium 
nitride, titanium tungsten or tantalum nitride. 

5. A method according to claims 2 or 3, wherein 
said thin film is of titanium nitride and said 
plasma is of nitrous oxide or oxygen. 

6. A method according to claims 2 or 3, wherein 
said thin film is of titanium tungsten and said 
plasma is of nitrogen or ammonia. 

7. A method according to claim 2 or 3 wherein 
said thin film is of tantalum nitride and said 
plasma is of nitrous oxide or oxygen. 

8. A method according to one of the preceding 
claims, wherein after annealing said thin film, a 
film of aluminum is deposited thereover. 

9. A method according to claim 8, wherein said 
aluminum film is annealed in a vacuum envi- 
ronment. 

10. A method according to claim 9 wherein the 
aluminum film is annealed by a plasma of 
fluorine or nitrogen trifluoride. 

11. A method according to one of the preceding 
claim, wherein both steps a) and b) are per- 
formed in the same vacuum chamber. 

12. A method according to one of claims 1 to 10 
wherein steps a) and b) are performed in sepa- 
rate vacuum chambers. 

13. A method according to one of the preceding 
claims wherein said substrate is a wafer, pref- 
erably a silicon semiconductor wafer. 

14. A method according to one of the preceding 
claims, wherein said vacuum deposition is by 
sputtering. 
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